Motivated by the historical detection of gravitational waves from GW170817, the neutron star and the neutron drop, i.e., a certain number of neutrons confined in an external field, are systematically investigated by ab initio calculations as well as the nonrelativistic and relativistic state-of-art density functional theories. Strong correlations are found among the neutron star tidal deformability, the neutron star radius, the root-mean-square radii of neutron drops, and the symmetry energies of nuclear matter at supra-saturation densities. From these correlations and the upper limit on the tidal deformability extracted from GW170817, the neutron star radii, the neutron drop radii, and the symmetry energy at twice saturation density are respectively constrained as R 1.4M ⊙ 12.94 km, R nd 2.36 fm, and E sym (2ρ 0 ) 53.2 MeV.
On August 17, 2017, a gravitational wave (GW) signal from a merger of binary neutron star (BNS) system was observed by the advanced LIGO and Virgo Collaborations for the first time, i.e., GW170817 [1] . This observation, together with the followed observation of the associated electromagnetic emissions [2, 3] , has opened a significant multimessenger era in the field of astrophysics and nuclear physics. In particular, the GW signal provides a crucial opportunity to investigate the properties of the compact matter-neutron star.
According to the GW170817 signal from the merger of BNS, one can extract the masses of neutron stars. The measured chirp mass [4] is M = 1.188 , where k 2 is the second Love number, M and R are the neutron star mass and radius, c and G are the speed of light and the gravitational constant, respectively [5] [6] [7] [8] [9] . Therefore, the tidal deformability is expected to have a high sensitivity to the neutron star radius (Λ ∼ R 5 ). For a neutron star with mass 1.4M ⊙ , the LIGO and Virgo collaborations provided an upper limit Λ 1.4M ⊙ 580
with a credible level of 90% [10] .
Both the mass and tidal deformability of neutron stars provide new opportunities to study the equation of state (EOS) for nuclear matter [11, 12] . In particular, its isovector properties, e.g., symmetry energy, play a significant role in exploring new physics in both nuclear physics and astrophysics. By adopting the tidal deformability limit from the GW signal, the neuron star radius as well as the neutron skin thickness of 208 Pb, which is strongly correlated to the slope of the symmetry energy L at nuclear matter saturation density (ρ 0 ≈ 0.16 fm −3 ), have been inferred [13] . A direct relation between the tidal deformability and L has been studied in Refs. [14, 15] . However, both works indicate that the tidal deformability, which probes the symmetry energy at around twice saturation density, may not provide a strong constraint on the nuclear matter bulk parameters at the saturation density.
A neutron drop system is very useful to probe the high-density behavior of nuclear matter.
The neutron drop is a novel inhomogeneous pure neutron system consisting of a few neutrons confined in an external field. By varying the number of neutrons and/or the strength of the external field for neutron drops, one can obtain a variety of information for the drops at various densities. The nuclear EOS ranging from lower densities to higher densities could be correlated to the neutron drop properties [16] .
An accurate knowledge of the neutron drop properties is crucial to understand the physics of neutron stars [17] [18] [19] and to probe possible new physics for nuclei with large isospin in as yet unexplored regions of the nuclear chart [20] . Due to its simplicity, the neutron drop is widely used to test various nuclear many-body techniques, e.g., ab initio approaches for light nuclei and density functional theories (DFTs) for heavy ones [16, [21] [22] [23] [24] [25] [26] [27] [28] . The former are based on realistic nucleon-nucleon (NN) and three-nucleon (3N) interactions with a many-body Hamiltonian, while the latter depend on a variation of an energy functional with respect to nucleon densities.
Therefore, it is timely and interesting to link the GW signals to the nuclear EOS and the neutron drop properties, so as to promote both the nuclear physics and the astrophysics with the advent of the multi-messenger era.
In this Letter, the neutron star tidal deformability and its correlation with the neutron star radius are systematically investigated with the state-of-art DFTs [29] [30] [31] [32] and the ab initio relativistic Brueckner-Hartree-Fock (RBHF) theory [33] [34] [35] . A strong linear correlation between the root-mean-square (rms) radii of neutron drops and the neutron star radii is demonstrated. Furthermore, a strong correlation between the symmetry energy at twice saturation density and the neutron drop radii is illustrated. With these correlations, the upper limit of the tidal deformability Λ 1.4M ⊙ 580 [10] extracted from GW170817 is used to constrain the rms radii of neutron drops and, in turn, the symmetry energies of nuclear matter at supra-saturation densities.
In the context of GW170817, the tidal deformabilities Λ 1 and Λ 2 associated with the high mass M 1 and low mass M 2 components of the BNS are calculated by a series of DFTs and the ab initio RBHF theory. As shown in Fig. 1 , the calculations here are carried out by many well-determined density functionals widely used for nuclear and astrophysical physics. In particular, the EOSs here are consistent with the observed lower bound on the maximum mass of neutron stars for M max > 2M ⊙ [36, 37] . The adopted DFTs range from nonrelativistic models (e.g., SLy4 and those starting with S) [38] , to relativistic models with the nonlinear meson exchange functionals (NL models, PK1, TM1), as well as the density-dependent meson exchange ones (DD-ME and RHF models, PKDD, TW99) [39, 40] . Ab initio calculations have been carried out with the RBHF theory using the Bonn potentials [35] . Note that the ab initio variational calculations (APR) are also shown for comparison [41] . The 90% probability contour is extracted from GW170817 [10] .
Allowing a variation of the high mass M 1 within the range 1.
the corresponding low mass M 2 can be determined by the chirp mass
, and one can then obtain the relations between Λ 1 and Λ 2 of a BNS. As a comparison, we also plot the latest 90% probability contour recommended by the LIGO and Virgo observatories with the low-spin priors [10] . Since the isovector channels of the density functionals shown in (km) A strong correlation between Λ 1.4M ⊙ and R 1.4M ⊙ with a correlation coefficient of r ≈ 0.99 is revealed.
It is important to underscore that this strong correlation between Λ 1.4M ⊙ and R 1.4M ⊙ is universal since it is based on widely different nuclear density functionals. Furthermore, the correlation predicted by DFTs is supported by the ab initio calculations including the RBHF theory and the APR, as shown in Fig. 2 and R 1.4M ⊙ 13.6 km from the available terrestrial laboratory data [43] .
The neutron drop is an inhomogeneous pure neutron system consisting of a few neutrons confined in an external field. Although the radius of a neutron drop is smaller than that of a neutron star by 19 orders of magnitude, both quantities highly depend on the symmetry energy [16, [44] [45] [46] . Therefore, it is interesting to investigate the correlations between them. In Fig. 3 , the radius of a 1.4M ⊙ neutron star and the rms radius R nd for N = 20 neutrons confined in a harmonic oscillator (HO) potential ( ω = 25 MeV) calculated with relativistic and nonrelativistic DFTs and the ab initio RBHF theory are given. The DFTs predictions for R 1.4M ⊙ and R nd respectively range from 11.5 km to 15.0 km, and from 2.25 fm to 2.60 fm, due to their differences in the isovector channels.
A strong linear correlation can be established between the neutron star radius R 1.4M ⊙ and the rms radius of the neutron drop R nd by fitting the results from DFTs. The Pearson's correlation coefficient is r = 0.95. This linear correlation between R 1.4M ⊙ and R nd is universal with the neutron number and the strength of the external field for the neutron drops, as long as the central density of the drop is comparable with that of the neutron stars, i.e., around 2-3 times saturation density.
The correlation between R 1.4M ⊙ and R nd predicted by DFTs is supported by the ab initio RBHF calculations. The verification of this linear correlation from ab initio calculations gives us confidence to deduce R nd 2.36 fm from R 1.4M ⊙ 12.94 km obtained with the Fig. 2 . With the future high-accuracy GW measurements, the constraints on the radii of neutron drops would be accurately deduced, which might provide a useful constraint for three-neutron forces [16] .
Apart from the constraint from GW170817, the correlation can also be used in combination with other astronomical observations. For example, the future precise radii of neutron stars from photospheric radius expansion X-ray bursts and quiescent low-mass X-ray binaries [47, 48] can provide a similar constraint on the neutron drop radii.
By changing the strength of the external field, the neutron drop system with a central density up to 3 times saturation density can be obtained, which is very useful to probe the symmetry energy at high density.
The symmetry energy at the density ρ is defined as E sym (ρ) = 1 2
, where E(ρ, α)
is the binding energy per nucleon and the asymmetry parameter α = ρn−ρp ρ with the proton densities ρ p and the neutron densities ρ n . The density dependence of the nuclear symmetry energy is essential to understand both finite nuclei and neutron stars. However, the constraints on the density dependence of the symmetry energy either from the experiment of the heavy ion collisions [49] or the predictions from variant models [50] have large ambiguity.
In Fig. 4 , the symmetry energy of nuclear matter at twice saturation density E sym ( there is no data for the symmetry energy beyond the twice saturation density, the obtained constraints on E sym (ρ) for ρ = 2ρ 0 ∼ 3ρ 0 from R nd are supported by the ab initio RBHF and APR calculations [41] .
In summary, the neutron star and the neutron drop have been systematically investigated by ab initio calculations as well as the state-of-art DFTs. Strong correlations are found among the neutron star tidal deformability, the neutron star radius, the root-mean-square radii of neutron drops, and the symmetry energies of nuclear matter at supra-saturation densities. From these correlations and the tidal deformability extracted from GW170817, the neutron star radii, the neutron drop radii, and the symmetry energy at twice saturation 8
